A combination of focused ion beam milling and chemical etching is proposed for the creation of Fabry-Pérot cavities in microwires. Both simple cavities and cantilevers are created on 15 μm-diameter microwires and characterized in temperature. The cantilever structure shows sensitivity to vibration and is capable of measuring frequencies in the range 1 Hz -40 kHz.
INTRODUCTION
Focused Ion Beam (FIB) is a technique that was mainly developed in the semiconductor industry and for the preparation of transmission electron microscopy samples [1] . Due to its high resolution milling, imaging, and deposition capabilities it is starting to be applied to optical fiber to create new optical fiber sensors. Some examples are tapered fiber tip FabryPérot (FP) cavities that have been applied as temperature [2] and refractive index sensors [3] , microgratings applied as temperature sensors [4] and even fiber-top cantilevers for mechanical deformation detection [5] . All the devices created by combining FIB with optical fibers take advantage of the high resolution of the technique to create very small structures with very fine detail. One drawback of this technique is the time it takes to ablate large quantities of material. To overcome this issue, other post-processing techniques are generally used before FIB milling. Tapering, etching, and polishing are just some of the techniques employed to reduce the overall size of the optical fiber before milling. In this work, a micromachining process based on the selective etching of phosphorus pentoxide (P 2 O 5 )-doped silica glass [6] was used to create a microwire [7] , thus reducing the amount of material necessary to be removed for the sensor structure and consequently the time necessary to mill it. This paper presents two different sensing Fabry-Pérot structures milled with Focused Ion Beam. The FP cavities were milled on 15 μm-diameter microwires. The first structure is a simple FP cavity resulting from an indentation in the microwire and was characterized as a high temperature sensor and the second one is a microwire cantilever FP structure characterized as a temperature and vibration sensor. 
EXPERIMENTAL RESULTS

Microwire Fabrication
All the structures produced in this work are based on microwires as seen in Figure 1 (left). They are produced by a micromachining process based on the selective etching of phosphorus pentoxide (P 2 O 5 )-doped silica glass. By introducing P 2 O 5 in silica, the etching rate of the glass in hydrofluoric acid (HF) is greatly increased. Using this method, it is possible to create a fiber with a large and preferential etching area that after etching, leaves only the desired microstructure [7] . After splicing the structure forming fiber (SFF) to a single-mode fiber, the SFF is cleaved to the desired length and a segment of coreless all-silica fiber is spliced to the end to prevent etching from the top of the structure. The whole structure is then dipped in a hydrofluoric acid solution. The HF starts by etching SiO 2 but when in it comes in contact with P 2 O 5 -doped silica, it preferentially etches this region at a much higher rate. For these tip structures, the fibers were dipped in an HF solution with a concentration of 40% and the etching times depended on the desired microwire diameter. The remaining structure after etching consists of a microwire aligned with the SMF core and of two side support beams that do not guide light but help the whole structure retain its form, giving the microwire some protection. 
Cavity Fabrication with Focused Ion Beam
Focused Ion Beam (FIB) is a technology that uses a focused ion beam (usually gallium-ion) to image or ablate/mill the substrate on which it is focused or even aid the deposition of another material on the substrate. Focused Ion Beam technology is very similar to scanning electron microscopy. The big difference is that the electron beam that scans the sample is replaced by an ion beam. Using this technology it is possible to mill very small structures with very high resolution in all kinds of materials. In this work, two different structures were created by using FIB to mill the microwires previously created with etching. Since the microwires are non-conductive, a thin tantalum film (ca. 100 nm-thick) is deposited on the microwires to avoid charge accumulation during ion beam and electron beam operation. The first structure created can be seen in Figure 1 (center) and consists of an indentation milled out of the microwire region. This results in a FP cavity with a length of approximately 170 μm. In the second structure, the microwire is completely cleaved and only remains in place because it is spliced at the other end. Since the side-support beams remain in place, the whole structure maintains its integrity. This second structure acts a cantilever that hangs on the fiber top side of the structure (see Figure 1 (right) ). In this case, the cavity is 1025 μm-long. Using a simple reflection scheme comprised of a broadband optical source, an optical circulator and an optical spectrum analyzer, both structures were analyzed. It is possible to see that both present the characteristics of a Fabry-Pérot cavity with low finesse. In the first structure, the first interface of the indented region and the fiber top both act as mirrors and create the interference pattern visible in Figure 2 (left). In the second structure, a similar situation occurs but in this case the fringe spacing is much smaller because the cavity length is much larger (see Figure 2 (right) ). Both structures were subjected to temperature variations and as can be seen in Figure 3 have very similar behaviors in the range 100 -550 ºC. The behavior is slightly quadratic but for the range 100 -300 ºC sensitivities of 11.5 pm/K and 12.3 pm/K were obtained for indented FP cavity and cantilever respectively. For the higher range of 300 -550 ºC, sensitivities of 14.2 pm/K and 15.5 pm/K are obtained for indented FP cavity and FP cantilever respectively. The cantilever FP structure was also characterized as a vibration sensor. The whole structure was attached to a vibrating system with a range from 1 Hz to 40 kHz. The reflected power was monitored using a photodiode. Three examples of these signals can be seen in Figure 4 for 90 Hz, 1.2 kHz, and 14 kHz. By taking the Fast Fourier Transform (FFT) of these signals, it is possible to determine the frequencies present in each one of them. It was possible to identify the peak corresponding to each vibrating frequency in the whole range from 1 Hz to 40 kHz. The top limit of this range was likely limited by the maximum frequency of the vibration system. For some vibrating frequencies, the second and even third harmonics are still visible in the FFT spectrum (see Figure 4) . 
CONCLUSIONS
Two different Fabry-Pérot cavities were created on a 15 μm-diameter microwire. The first structure is the indented FP cavity which, due to the design, consists in a first mirror at the indentation and a second at the fiber top resulting in a fringe pattern. In the second structure, a whole cross-section of the microwire is removed leaving it free-standing and thus susceptible to vibrations. Both FP structures are similarly sensitive to temperature but one of them is very sensitive to vibration in a large bandwidth. This vibration sensitivity comes from the misalignment, created during vibration, between the "bulk" fiber and the now suspended microwire. The great advantage of this type of vibration sensor is the small size and the tip sensor configuration. No lead-out fiber is necessary because light is collected in reflection.
